All known gerF mutations affecting Bacillus subtilis spore germination have been mapped, by a combination of recombination and complementation analysis, to yvoC (/gt)# a gene belonging to the yvoB CptsK) yvoC (/gt) yvoDEF operon. Examination of the properties of null mutants confirmed that the only gene in the operon that affects germination is p o C , which encodes a homologue of known prelipoprotein diacylglyceryl transferases. As several germination proteins (GerAC, GerBC, GerKC, GerD) are predicted lipoproteins, it is not unreasonable to assume that a defect in prelipoprotein processing will affect spore germination. Two other null mutants in this chromosomal region showed a clear phenotype: the nagA gene is required for growth on Nacetylglucosamine, whereas a null mutation in yvoB (ptsK) affects colony formation from single cells.
INTRODUCTION
Mutations in the ger genes of Bacillus subtilis have defined a number of gene products required for the germination of spores in reponse to chemical germinants (Moir & Smith, 1990) . Many of the proteins, such as those encoded by the gerA, gerB and gerK operons, are germinant-specific, whereas others, such as GerE, a regulator of spore-coat gene expression, are involved in spore morphogenesis.
The gerF mutations (Moir et al., 1979) affect spore germination in buffers containing either alanine or a germinative combination of an amino acid plus sugars, suggesting that GerF is involved in a germination process common to both types of germinant. The mutants are blocked before the loss of heat resistance (i.e. early in spore germination). Like most germination mutants, they are leaky, in that mutants are still able to form colonies during an overnight incubation on rich media.
The gerF21 and gerF45 mutations were mapped close to the his locus, on the cysB-distal side (Moir et al., 1979) . They were 56 and 58% cotransduced with hisA1 by bacteriophage SPP1, respectively (Warburg, 1981) , placing gerF within 10 kb of hisA. ABShisVIII, a lambda clone carrying the his genes, did not, however, carry t Present address: Department of Biochemistry, University of Portsmouth, S t Michael's Building, White Swan Rd, Portsmouth PO1 2DT. UK.
gerF (Walton et al., 1984) . Cells bearing gerF99, a third gerF mutation characterized by the same defect in spore germination as the others, exhibit a twisted morphology in the post-exponential growth phase and, occasionally, undergo lysis (Corfe, 1992).
A direct search for the gerF locus by chromosome walking from h i s A converged with the identification of the gene organization of this region within a systematic Euro-Japanese genome sequencing project (Kunst et af., 1997). By combining these complementary approaches, the gerF mutations have been definitively localized to the yuoC (lgt) gene.
METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . Strain L16206 was obtained by transforming competent cells of B. subtilis 168 with chromosomal DNA from strain 166. L16206 was subsequently transformed with plasmid p4812, to yield strain L16210 in which the nagA gene has been insertionally inactivated by plasmid integration. Plasmids p4807, p4808, p4812 and p4815 were constructed from rescued B. subtilis 168 chromosomal DNA (Fig. l) Fig. 1 ) (see Fig. 1) insert (see Fig. 1 ) BglII insert (see Fig. 1 
RESULTS AND DISCUSSION

Chromosome walking
Linkage of the gerF locus to hisA (Moir et al., 1979) prompted us to probe a AZAP Express library of B.
subtilis Sau3AI fragments with terminal segments of the hisA-encompassing ABShisVIII clone. pCR21, recovered as an excised phagemid from a hybridizing phage isolate, extended the previously cloned region by 2 kb (Robinson, 1996) . This clone repaired gerF22 by congression (12 % of trp+ transformants were also ger+) but not gerF4.5 ( < I o % of trp+ were ger+), suggesting that the clone ended within the gerF locus. A 9 kb BamHI fragment extending the region further was obtained by plasmid rescue (Glaser et al., 1993) , using a plasmid 
Genome sequencing
The nucleotide sequence of the B. subtilis chromosomal region presented in Fig. 1 , determined within the Euro-Japanese B. subtilis genome sequencing project (Kunst et al., 1997), belongs to the prfB-yvrB fragment (accession number AF017113). The genes yvoB (ptsK) , yvoC, yvoD, yvoE and yuoF, described by Reizer et al. (1998) , probably form an operon, which is separated from a divergently transcribed operon by a 181 bp regulatory region. As it is not uncommon for genes of related function in cell envelope metabolism to be organized in divergons, it is appropriate to consider also the divergently transcribed genes. The NagA and NagB proteins are homologous to E . coli N-acetylglucosamine-6-phosphate deacetylase and glucosamine-6-phosphate deaminase, respectively. Both enzymes, catalysing the transformation of N-acetylglucosamine 6-phosphate into fructose 6-phosphate (Plumbridge, 1989) , would be required for growth on media containing N-acetylglucosamine as the sole carbon source. The yvoA gene probably encodes a transcriptional regulator. Although we have no enzymological evidence confirming the putative NagA and NagB functions, strain L16210, carrying an insertional inactivation of nagA, was unable to grow in MS minimal medium (Sargent, 1973) containing, instead of glucose, 0.2 YO Nacetylglucosamine as the sole carbon source.
Localization of gerF
Formal proof that the gerF21, gerF4.5 and gerF99 mutations lie within yvoC was obtained by a recombination analysis using plasmid subclones from the region. All of the latter were in pMTL20EC, an E . coli replicative, B. subtilis integrative plasmid (Oultram et al., 1988) . Three different patterns of recombinant progeny might be expected on integration of a plasmid by a single crossover into the chromosome of a gerF mutant. Integration of a plasmid with an intact gerF gene will recreate a functional copy, allowing complementation and therefore 100% restoration of the Ger' phenotype. A plasmid containing an incomplete gerF gene, which nevertheless carries the wild-type version of the chromosomal mutational site, will provide an opportunity for recombinational repair of gerF. In this case, the proportion of Ger+ integrants would be lower, as only crossovers on one side of the site of the mutation will regenerate an intact gene. Finally, a clone lacking the wild-type allele would give no Ger' integrants.
Analysis of recombinants obtained by integration of p4807, p4808 and p481.5 revealed that all three gerF (Table 2 ). In addition, it appeared that these mutations lie in different regions of yvoC; gerFZI, repaired by p4808, maps downstream of the PstI site, whereas gerF45 is located upstream of this site, as it is repaired by p4807, but not by p4808. The gerF99 mutation is also upstream of the PstI site, as repair by p4807 was demonstrated in a congression experiment (data not presented).
Insertional inactivation of individual yvo genes
T o explore the possibility that other genes of this operon may be involved in germination, strains carrying an inactivating insertion (Fig. 1) in each of the genes of the yvoC-containing operon were constructed, using pMUTIN4 (Vagner et al., 1995) . This vector places genes downstream of the insert under the control of an IPTG-inducible promoter. Spores of each mutant were generated, washed and tested for the germination phenotype in response to specific germinants. The germination defect of yvoC mutant spores was that characteristic of gerF mutants (Moir et al., 1979), i,e. less than 5 % loss of optical density over a 60 min incubation period in the germination buffer with either alanine or an asparagine/glucose/fructose/KCl mixture. Disruption of the downstream genes, yvoD-F, obtained by chromosomal integration of the pCRlau plasmids, had no effect on spore germination. Null mutants in yvoC grew at the normal rate, although a large proportion of cells exhibited a slightly twisted morphology, as previously noted for gerF99 (Corfe, 1992) .
Even in IPTG-containing media, the yvoB (ptsK) mutant did not grow normally. Colonies on Oxoid nutrient agar appeared only in the regions of high inoculum, while single colonies in less densely inoculated areas were minute. In the area of heavy inoculum, sporulation did occur ; spores recovered from the plate were washed twice in water and tested for their germination properties in germination buffer. Suspensions, including controls, were monitored by phase-contrast microscopy. Like wild-type spores, those of the yvoB mutant produced on nutrient agar containing 1 mM IPTG (in which intact genes, including yvoC, downstream of the point of integration, would be switched on) germinated to a phase-dark stage within 60 min. Under equivalent conditions, spores of a yvoC mutant did not lose any phase-brightness. These data suggest that the only gene in the cluster that influences spore germination properties is yvoC.
Potential involvement of lipoproteins in spore germination
YvoC exhibits similarities to the Lgt proteins of several bacteria, the identities being 50,26 and 25 Yo to those of Staphylococcus aureus, E . coli and Salmonella typhimurium, respectively. The lgt gene encodes the phosphatidylglycerol : prolipoprotein diacylglyceryltransferase, an enzyme catalysing the transfer of the diacylglyceride group to the N-terminal cysteine of bacterial membrane lipoproteins (Sankaran & Wu, 1994) . Deficiency of this enzyme would be expected to result in a failure to properly process lipoproteins. Biochemical experiments have demonstrated that disruption of the yvoC gene results in a complete lack of membrane-bound lipoproteins in vegetative cells (L. Hederstedt, personal communication).
Considering that the yvoC (gerF) locus corresponds to lgt, the pleiotropic effect of gerF mutations on spore germination is understandable, since a number of Ger proteins (GerAC and its homologues, as well as GerD), required for the early stages of germination, all contain a signal sequence with the consensus for cleavage of prelipoproteins. It would be predicted that these proteins may not be correctly localized or assembled in an lgt (gerF) deficient mutant. Finally, it would appear that a prolipoprotein diacylglyceryltransferase activity is not essential for growth or sporulation in this species. A BLAST search for Lgt homologues, using the E. coli sequence as the probe and the whole B. subtilis protein collection as database (Altschul et al., 1990) , indicated that YvoC is a unique candidate to perform this enzymic function in B. subtilis.
